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A series of 20 denarii from Boleslaus the Brave (992–1025) and Mieszko II Lambert 
(10251034), corresponding to the beginning of the Polish state were studied using the 
voltammetry of immobilized particles (VIMP) methodology. VIMP experiments, 
applied to nanosamples of the corrosion layers of the coins in contact with aqueous 
acetate buffer, provided well-defined responses mainly corresponding to the corrosion 
products of copper and lead. Such voltammetric responses, combined with X-ray 
fluorescence (XRF) spectroscopy experiments performed on the same set of coins, and 
complemented by focusing ion beam-field emission scanning electron microscope (FIB-
FESEM) on silver coins from the 19
th
 century, supported the hypothesis that two 
different metal sources were used in former historical period and suggested that the 




Numismatic research represents an important contribution to historic and archaeometric 
studies [1]. One of the cases where ancient coins possess not only a considerable 
archaeometric value but also a high symbolic and historic value is that constituted by 
those of the reigns of Mieszko I, his son Boleslaus the Brave (Bolesław Chrobry), and 




 centuries. It is widely accepted 
that King Boleslaus the Brave (992–1025) created the first Polish state through the 
unification of Polish tribes and established the first monetary system. Remarkably, first 
reference to Poland in a historical source, the inscription POLONIE, appears in the 
PRINCES POLONIE denarius, minted by Boleslaus the Brave [2]. 
 
Boleslaus the Brave pennies, however, create some archaeometric problems. Such coins 
were probably coined from circa 995, and were based on the Charlemagne’s monetary 
system established in Western Europe around the 9
th
 century. The Boleslaus the Brave 
pennies are represented by approximately 20 types, some of which are imitations of 
coins from other countries. It is believed, although there is no absolute confirmation, 
that Mieszko I minted his own coins, in a mint located in Greater Poland, Kuiavia or 
northern Masovia, and that he coined the first Polish denarius, characterized by the 
MISICO inscription, around 980 [3]. An alternative hypothesis was proposed by 
Suchodolski [4], who considered the appearance of coins during the reign of Mieszko I 
less probable and proposed that coins with the MISICO inscription were more likely 
minted by Boleslaus’ son, Mieszko II Lambert during his reign in 1025–1034. 
 
A previous study of a set of 71 silver coins using micro XRF spectrometry [5], 
extending a prior work on 11 coins [6], suggested that the Boleslaus coins were struck 
from materials that came in from two different sources and that the metallurgical 
procedures were improved during his reign and that of his son. Conceivably, a part of 
the Ag used for minting early Polish coins could have come from the melting of Arabic 
coins or coins minted by Muslim rulers of Central Asia [7,8], whereas another portion 
would be production of mines around the Baltic region [9,10]. 
 
These archaeometric matters deal with the general problems of determination of the 
provenance, mint and age of coins. These analytical targets have been faced using 
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microstructural (metallographic) analysis [1,11], neutron diffraction [12] and neutron 
absorption [13], isotope analysis [14,15], XRF spectrometry [15-21] and electron 
microscopy [22,23], among others [18]. Such techniques provide important analytical 
capabilities but also have limitations, as discussed for isotope analysis [14,24] and XRF 
[25], so that multi-technique approaches are usually recommended [26,27]. 
 
In this context, the scope of available techniques has been enhanced by the 
incorporation of the voltammetry of immobilized particles (VIMP). This is a solid state 
electrochemistry methodology, developed by Scholz et al. [28,29], whose application to 
a variety of materials into the archaeometric domain has been reviewed [30,31]. The 
VIMP has been applied to the study of metal archaeological objects [32,33] as well as 
their corrosion products [34-38]. The ‘one-touch’ sampling methodology [39], based on 
the use of graphite pencils [40,41], permitted the application of VIMP to authentication 
[42], tracing [43] and dating of archaeological lead [44] and copper/bronze [45] using 
sample amounts at the nanogram level. Recently, the VIMP of silver and silver-copper 
alloys has been studied by Capelho et al. [46] and Cepriá et al. [47]. In particular, the 
possibility of discriminating between different mints was previously assessed for a set 




 centuries [48]. It 
is pertinent to note that the VIMP technique differs from conventional solution phase 
voltammetry in which there is no need of dissolving the sample to place the analytes in 
solution. Then, VIMP provides direct information on the chemical and mineralogical 
composition of the sample via the solid-sate electrochemistry of the components of the 
sample. 
 
Here, we report the application of VIMP to study a set of 20 coins from Boleslaus the 
Brave and Mieszko II devoted to gain information on their provenance and minting 
techniques. The crossing of VIMP with XRF data suggested that there was silver from 
two different provenances and that three different mints were used. The basic idea is 
that subtle differences in the composition and minting of the coins are reflected in the 
voltammetric response of the patina. To assess this approach, complementary 
experiments were performed on various silver coins from a private numismatic 
collection of 19
th
 century items using focusing ion beam-field emission scanning 





2.1. Reference materials and samples 
Reference materials (STD1 to STD6) consisted of Ag/Cu/Pb alloys that were purchased 
from Kruel (Chrzanów, Poland). Their chemical composition is described in Table 1. To 
perform FIB-FESEM experiments, two silver coins of the private collection Doménech-
Francés (Spain) were used; these were one franc, Henri V King of France, France, 1831 
(DF01), and one peseta, Gobierno provisional, Spain, 1869 (DF02). 
 
Nanosamples from 20 coins of the previously studied set of 71 Polish denarii [5] were 
taken using the non-destructive ‘one-touch’ sampling protocol [39] (vide infra). It is 
pertinent to remark that sampling was carried out at the Laboratory of Analysis of the 
National Museum in Krakow (Poland) and the sample-modified graphite bars were later 
transported to Valencia (Spain) where the voltammetric measurements were performed. 
A detailed description of the coins was previously reported [5] and is summarized in 
Table 2 conjointly with the elemental composition of major elements (Ag, Cu and Pb) 
determined from XRF data. In this study, they were grouped on the basis of 
archaeological and XRF data in four groups, termed, in the following as Boleslaus 995-
1005, Boleslaus 1000-1010, Boleslaus after 1010 and Mieszko 1010-1020. 
 
2.2. VIMP measurements 
Air-saturated aqueous 0.25 M sodium acetate buffer (Panreac) at pH 4.75 was used as a 
supporting electrolyte for electrochemical measurements and was renewed after each 
electrochemical run to avoid contamination due to metal ions eventually released to the 
solution phase during electrochemical turnovers. To test the possibility of using portable 
equipment, no deaeration was performed. Square wave voltammograms (SWVs), and 
cyclic voltammograms (CVs) were obtained on commercial paraffin-impregnated 
graphite bars (Staedtler S200, HB type, 2.0 mm diameter) where the sample was 
adhered using the ‘one touch’ VIMP protocols [39]. 
 
VIMP for reference materials was carried out using conventional VIMP protocols by 
powdering an amount of 1-2 mg of the solid in an agate mortar and pestle, and 
extending it on the agate mortar forming a spot of finely distributed material. Then the 
lower end of the graphite electrode was gently rubbed over that spot of sample and 
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finally rinsed with water to remove ill-adhered particles. Sample-modified graphite bars 
were then dipped into the electrochemical cell so that only the lower end of the 
electrode was in contact with the electrolyte solution. Electrochemical experiments were 
performed at 298 K in a three-electrode cell using a CH I660C device (Cambria 
Scientific, Llwynhendy, Llanelli UK). A platinum wire counterelectrode and an 
Ag/AgCl (3 M NaCl) reference electrode completed the three-electrode arrangement. 
 
2.3. Micro-XRF measurements 
Micro-XRF analysis was performed using a Bruker (Karlsruhe, Germany) Artax 400 
XRF spectrometer equipped with a Rh tube and a 0.650 mm collimator. The X–ray 
generator was operated at 50 kV and 0.5 mA, while the acquisition time was 300 s. This 
instrument has a Si drift X-ray detector with an active area of 10 mm
2
. The beam was 
focused on the analysis spot with the help of a laser and a camera, which are attached to 
the spectrometer. Acquisition and evaluation of XRF spectra were carried out using 
Spectra 5.3 (Bruker AXS Microanalysis, Berlin, Germany). The raw spectra and the net 
peak areas of the elements of interest were evaluated. Four measurements, two on each 
side, were performed on the coins and the reported wt% compositions are the calculated 
average values. For determination of Ag and Cu, the net peak areas of their Kα lines 
were employed, while for the determination of Pb, the Lβ line was used since it showed 
similar intensity to the Lα line and less peak overlap. 
 
2.4. FIB-FESEM experiments 
Sectioning and imaging of the coins was performed with a FIB-FESEM Zeiss (Orsay 
Physics Kleindiek Oxford Instruments) model Auriga compact equipment that enabled 
the characterization of the microtexture and mineral phases in the superficial corrosion 
layer and in the metal core of the 19
th
 century coins. The operating conditions were: 
voltage, 30 kV and current intensity, 500µA and 20 nA in the FIB for generating the 
focused beam of Ga ions and a voltage of 3 kV in the FESEM.  
 
3. Results and discussion 
 
3.1. Voltammetric pattern 
Figure 1 shows the square wave voltammograms of samples a,b) 766 and c,d) 783 
attached to a graphite electrode in contact with aqueous acetate buffer at pH 4.75. For 
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sample 766 the voltammograms of the sample (black lines) are superimposed to the 
corresponding blanks recorded at unmodified graphite electrodes (red lines) whereas for 
sample 783 the resulting voltammograms after subtracting the corresponding 
background are depicted. The response was consistent with previous reports [48] and 
those recorded for reference materials and consisted, in negative-going potential scans 
(Figure 1a) of overlaying cathodic peaks at +0.05 (CAg) and 0.10 V (CCu) preceding a 
more prominent reduction peak at 0.55 V (CPb), which can be attributed, respectively, 
to the reduction of the products of corrosion of silver (mainly AgCl), copper (mainly 
cuprite, Cu2O) and lead (mainly litharge, PbO), as judged by the Tafel analysis of the 
respective voltammetric signals [39,49]. In the region between +0.40 and 0.00 V weak 
additional signals often appear, being attributable to silver-centered electrochemical 
processes (vide infra). The signal for the reduction of lead corrosion products is 
superimposed to the background cathodic current due to the reduction of dissolved 
oxygen appearing at ca. 0.65 V (Cox). 
 
In the subsequent positive-going potential scan voltammograms, intense anodic peaks 
appear at 0.50 V (APb), 0.05 and 0.00 V (both labeled as ACu) and +0.10 and +0.25 V 
(both marked as AAg). These peaks correspond to the stripping oxidation of the metal 
deposits previously generated at negative potentials to the respective metal ions in the 
solution. Such oxidative dissolution (stripping) processes often display peak splitting, a 
feature which can be attributed to the previous formation of different metal deposits 
[50-52]. 
 
The first relevant voltammetric feature is the relatively large intensity of the lead-based 
signals, CPb and APb, relative to those of copper- and silver-centered processes. This 
feature is in agreement with the recognized tendency of copper and lead to corrode 
preferentially to silver and the prevailing corrosion of lead relative to copper in leaded 
bronze [53]. 
 
To use these voltammetric responses for grouping the coin samples it is pertinent to 
note that, given the characteristics of the sampling method, there is some possibility of 
deposition of ‘external’ materials (dust, etc.) on the corrosion layer as a result of 
pedological processes and/or environmental contamination, thus distorting its 
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electrochemical response. These effects were possibly minimally influential in our case 
because: i) sampling was performed on selected locations of the coins characterized by 
uniform corrosion layers; ii) most of the components of ‘external’ materials (clays, 
calcareous minerals) are electrochemically silent under our experimental conditions. 
 
A more detailed examination of the voltammetric profiles permitted to establish a 
grouping of the samples. Thus, Figure 2 depicts the region of negative-going SWVs 
where the signals CAg and CCu appear for a reference material containing 96%wt Ag 
plus 4%wt Cu, and different coin samples. In reference materials, the cuprite reduction 
signal at 0.10 V is preceded by weak, but well-defined signals at +0.35 and +0.20 V 
which can be assigned to the reduction of silver acetate, formed by the previous 
electrochemical oxidation of silver at the more positive potentials at which the 
voltammogram was started, and AgCl, respectively [49,50]. Remarkably, a set of coin 
samples (labeled as a type A in the following), such as coin 800 (Fig. 2b) displayed 
well-defined silver acetate signals whereas another group of coin samples (type B in the 
following) did not present such signals and only the AgCl reduction process at ca. +0.05 
V appeared showing a strong overlap with the cuprite reduction peak appeared (Figs 
2c,d for coins 796 and 762, respectively). Table 3 summarizes the observed 
voltammetric processes. 
 
A more complex grouping was suggested by the examination of the positive-going scan 
voltammograms. As can be seen in Figure 3, the region of potentials, where the 
stripping of copper and silver are recorded, displays clearly different profiles but 
grouped in few common patterns. Thus, the coins of type A displayed in general both 
peaks AAg and ACu with significant peak splitting, as can be seen in Figs. 3a,b for coins 
793 and 795, respectively. In contrast, samples of type B displayed a unique, prominent 
ACu peak accompanied by isolated AAg signals (Figs. 3c,d for coins 782 and 791) or by 
considerably weak AAg signals, as depicted in Figs. 3e,f for coins 753 and 788. 
 
The above differences in the cathodic and anodic patterns of coin samples can be 
interpreted on considering that, due to the mode of surface sampling, the 
voltammograms reflect not only the chemical and mineralogical composition of the 
corrosion layers of the coins, but also the ‘textural’ properties of this corrosion layer, 
representative of the shape and size distribution and adherence to graphite of the grains 
 8 
of the compounds forming the corrosion layers of the coins. In turn, these properties can 
be considered as dependent on the chemical composition of the base metal, its 
‘corrosion history’ but also of the minting procedures (vide infra). In the following, it 
will be assumed that, in agreement with physical examination of the coins, all the 
studied samples correspond to coins which were subjected to a similar process of 
corrosion so that differences can be attributed to both compositional and mint 
differences between them. 
 
3.2. XRF and VIMP grouping 
Figure 4a depicts the variation of the percentage of Cu on the percentage of Ag, 
determined from XRF data in ref. [5], for the studied coins. All data points fall in a 
narrow region corresponding to an apparently linear relationship between both 
quantities. This result suggests that there is a common compositional pattern in the base 
metal where increasing the copper content is accompanied by a parallel decrease in the 
silver content. In contrast, the representation of the percentage of Pb vs. the percentage 
of Ag does not provide any logical correlation. As can be seen in Figure 4b, there is a 
series of coin samples for which there is an apparent tendency of increasing the Pb 
content on increasing the Ag content. Such samples, interestingly, are those designed as 
forming the type A from voltammetric data. The samples of the voltammetric type B, 
however, were confined to a relatively narrow region in the Pb wt% vs. Ag wt% 
diagram and these samples show a low Pb content apparently independent on the Ag 
content. 
 
The consistency of VIMP and XRF data acts in support of the hypothesis that two 
different metal sources were used [5]. Conceivably, samples of the type A would have 
been prepared from lead-containing silver with more or less copper content whereas 
samples of the type B would have been prepared from well-refined silver with minor 
amounts of lead. Previous reports confirm these advancements in cupellation processes 
of silver since ancient times [54,55]. 
 
The crossing of data from XRF and VIMP measurements produced an additional 
grouping of coin samples. For this purpose, the ratio between the peak currents of the 
peaks CCu and CPb in SWVs was used, as shown in Figure 1a. The ratio between the 
cathodic signals corresponding to the reduction of copper and lead corrosion products, 
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ip(CCu)/ip(CPb), was found to be representative of the corrosion advance in leaded bronze 
statuary and ultimately representative of the age of the objects [53], providing a 
reasonable parameter to be similarly studied when analyzing silver coins. Figure 5a 
depicts the plots of ip(CCu)/ip(CPb) vs. the weight percentage of Cu for coin samples 
considered in this study. One can see in this figure that the data points appear to be 
confined in three regions that define three differentiated curved paths. A similar 
grouping can be seen in Figure 5b, which corresponds to the variation of ip(CCu)/ip(CPb) 
vs. the percentage of Ag. 
 
These results suggest that there is the possibility of considering the observed grouping 
as a result of the confluence of two factors: differences in the base metal (types A and 
B) and textural differences resulting from the use of three different mints (labeled in the 
following from I to III). 
 
 
3.3. VIMP plus FIB-FESEM experiments 
In order to test the hypothesis that textural differences associated to different mints can 
be reflected in the voltammetric response of the corrosion layers of coins, FIB-FESEM 
experiments were performed on Western European 19
th
 century coins. The FIB-FESEM 
technique combines focused ion beam with innovative gas etching chemistry and 
advanced scanning electron microscopy technologies to provide high resolution imaging 
down to the nano scale level. This technique can be considered micro-invasive as the Ga 
ions microbeam yields trenches which size is usually < 10 m; not detectable at the 
macroscopic level. The trench obtained extends from the outer corrosion layers down to 
the metal core of the coin providing an image with high contrast between the different 
compositional phases and the grained microtexture of the coin. Figure 6 shows the 
FESEM micrographs of the trenchs obtained for the coins DF01 (a) and DF02 (c). The 
images acquired at higher magnification DF01 (b) and DF02 (d) show in detail the 
micromorphology of the outer part of the coin. In both cases, the deeper regions were 
composed of silver with an average yield of 1.5 wt % copper for DF01 and even up to 
15 wt% copper for DF02. Remarkably, this region exhibits different rounded domains 
whose average size is ca. 50% larger for DF01 than for DF01. On the other hand, the 
external layer of the DF01 presents some porosity being accompanied by cracks and 
crevices until a deep of ca. 5 m, while the corrosion layer of DF02 looks like a dense 
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barrier also crossed by cracks and crevices. The remarkable difference between both 
corrosion layers is reinforced by that existing in their chemical composition: for DF01 
there is a light enrichment of copper, whose proportion increases until a 5.6 %wt, 
whereas in the corrosion layer of the coin DF02 the proportion of copper increases at ca. 
25 %wt. 
 
These data are in principle consistent with the differences observed in the voltammetric 
response of those coins, depicted in Figure 7. As can be seen in this Figure, although of 
similar age and composition, the voltammograms of coins DF01 and DF02 exhibit 
differences both in the negative-going and positive-going potential scans, thus 
suggesting that even subtle textural differences can produce appreciable differences in 
the VIMP response. Consistently with the ‘modern’ character of such coins, the values 
of the ip(CCu)/ip(CPb) ratio are clearly larger than those measured for Polish coins, in 
agreement with the expected increase of this ratio with the corrosion time [53]. 
 
3.4. Long-term corrosion kinetics 
The peculiar grouping of peak current ratios shown in Figure 5 and their variation on 
the copper and lead loadings of the base metal can be examined on the basis of kinetic 
equations for long-term corrosion. It is well-known that, under ordinary conditions, 
metal corrosion is ‘electrochemical’, constituted by anodic (metal oxidation) and 
cathodic (oxygen reduction) reactions occurring in different sites of the metal surface 
covered by a thin electrolyte layer. In the case of the studied coins, one can consider that 
the coins have experienced a uniform corrosion, anodic and cathodic sites being 
spatially separated and distributed randomly over the surface. In this situation, both the 
reactions of metal dissolution and oxygen reduction reaction are essentially irreversible 
and the metal surface has a macroscopically uniform “mixed” potential. Following the 
closure of Venkatraman et al. [56], the Butler–Volmer expressions for the current 
densities of metal oxidative dissolution and oxygen reduction, nM/Mi  and /OHO2
i  are: 
 





























































where m denotes the electrons transferred in the rate determining step of O2 reduction 
(either 2 and 4 for the 2e- and 4e-pathways), nM/Mi , /OHO2
i  are the corresponding 
exchange current densities, and nM/M , /OHO2
  are the corresponding electron transfer 
coefficients. In this formulation, the corrosion current, given by corri  = nM/Mi  = 
 /OHO2
i being controlled, as a limiting cases, by the diffusion of O2 through the 
electrolyte layer or the kinetics of the electron transfer processes. Subsequent modeling 
of the early stages of corrosion when there is a nascent porous oxide film on the metal 
surface with occluded electrolyte, involves consideration of the conductivity, porosity 
and thickness of the porous oxide layer, the contact potential difference and specific 
contact resistivity of the metal–oxide interface [57]. 
 
Long-term corrosion of metals, however, is in general treated using empirical equations, 
experimental data being fitted in general to a potential rate law [58,59]. For our 
purposes, the oxidation of the metal M to the metal oxide can be operationally treated 
using solid state reaction kinetics. Here, the advance of the reaction is represented in 
terms of the conversion fraction,  (0 <  < 1), defined as the molar fraction of obtained 
product and assuming that at the end of the reaction the reactant is ultimately converted 










Then, the variation of the net amount of metal oxide by surface unit (mol cm
2
 or g 
cm
2
), xMox, with time would be equivalent to the decrease of the corresponding amount 
of metal, xM. Introducing the initial surface concentration of the metal M, cM, results  = 
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where kM is the rate constant for the solid state oxidation process. The case of copper 
plus lead-containing silver coins can be approximated as the corrosion of an alloy 
containing two oxidizable metals initially in surface concentrations cCu, cPb. Here, two 
extreme possibilities can be considered: 
 
i) The metals are concentrated in different sites and form independent corrosion cells so 
that one can assume that they are oxidized independently at different rates. In these 
circumstances, the peak currents of the voltammetric peaks resulting from the reduction 
of the corrosion products of copper and lead, ip(Cuox), ip(Pbox), under fixed 







































g being an electrochemical constant which express the different intrinsic voltammetric 
response of the corrosion products of copper and lead. Testing the above equation, 
however, was made difficult by the low lead concentration in a significant fraction of 
the studied coins (see Table 2), thus increasing the uncertainty in those concentrations. 
This was reflected in a relatively high data dispersion in the representations of 
ip(Cuox)/ip(Pbox) vs. cCu/cPb, so that no conclusive results can be established. 
 
ii) If the metals are mixed so that they are simultaneous and competitively oxidized, the 
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where  represents the fractional conversion of the reaction as measured from O2 
consumption. 
 
In the studied case, one can approximate that all coins have experienced corrosion under 
similar uniform conditions during a common time. Then, Eq. (7) for the independent 































hCu, (= (1+)kCut) hPb ((= (1+)kPbt) being two constants depending on the corrosion 
time. Such constants would be representative of the extent of the corrosion and could be 
understood, ideally, as reflecting the degree of coverage of the respective metal surface 
by the corresponding corrosion product. 
 
Solving Eq. (9) corresponding to the simultaneous oxidation case (ii) requires the 
disposal of a relationship between , Cu and Pb. A single approximation can be 
proposed based on the assumption that, at a given corrosion time, there is a given net 
amount of total (copper plus lead) corrosion products and that copper corrosion can be 
approached by Eq. (6). The, the net amount of lead corrosion products would be simply 
the difference between a constant term G and the generated copper corrosion products 
































Remarkably, experimental data in Figure 5 can be satisfactorily fitted to this equation 
assuming that there is an essentially complete coverage of the copper by its corrosion 
products, using a common value (0.330.01) of the electrochemical coefficient, g, and 
different values of the parameter G. This would be characteristic of the coinage, data in 
Figure 5 corresponding, respectively, to G = 6.7, 10.6 and 20.0 in units of copper % wt.  
 
3.5. Discussion 
The above data treatment suggested that it is possible to assign a distinctive 
electrochemical response to the different mints as reflected in the numerical value of the 
(semi)empirical parameter G. The differences in G values, which would be 
representative of the overall extent of the corrosion, would result from the amplification 
during the corrosion process (in principle common for all tested coins) of the textural 
differences between the coins proceeding from different mints. This situation would be 
parallel to that illustrated in FIB-FESEM experiments in Figure 6. The DF-01 and DF02 
coins, although of quite similar composition and essentially identical macroscopic 
appearance, displayed significant textural differences apparently resulting in drastic 
differences in their corrosion layers. By analogy, it would be conceivable that the 
differences in the voltammetric data summarized in Figure 5 reflect the mint differences 
of the coins and their grouping into three different mints. It is pertinent to underline that 
the fitting of experimental data to Eq. (11) was essentially semiempirical, the fact that 
such experimental data could be fitted with a unique general expression using a 
common value of the electrochemical coefficient g, denotes that there is internal 
consistency in the set of simplifying assumptions used in the above reasoning. 
 
Accordingly, voltammetric data suggest that there is a reasonable possibility of dividing 
the studied coin samples as resulting from the use of two different metal sources in three 
different mints. These are summarized in Figure 8 where the studied coins are ascribed 
to A and B XRF groups and I to III VMP groups. Combining such ascriptions, one can 
propose a tentative chronological scheme considering conjointly XRF and VIMP data 
based on the aforementioned assumptions. This scheme can be summarized as: i) two 
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metal sources (A and B) and three mints (I to III) can be discerned. Mints I and III were 
used in all the Boleslaus plus Mieszko periods whereas mint I is represented in the 
studied samples only after the Boleslaus 1000-1010 period; ii) Mint II used, apparently, 
only metal source B, whereas mints I and III used both sources A and B; iii) metal 
source A was apparently not used during the Mieszko reign. This scheme would be 
consistent with historical data on the improvement of the monetary emission carried out 
during the Mieszko reign [5]. 
 
It is important to highlight that all archaeological finds prior to 1030 are concentrated in 
the Greater Poland (Wielkopolska) region, mainly around Poznan, Gnieezno, Kruszwica 
and Plock [62]. The coexistence of coins from Boleslaus and Mieszko has indicated that 
they were both probably minted in the same area and at approximately the same time. 
The maximum correlation has been observed for denarii minted by Mieszko and the 
PRINCES POLONIE type, minted by Boleslaus. Moreover, the archaeological evidence 
points towards the decentralization of mints during the studied historical period [63]. 
Accordingly, the differences deduced from the VIMP analysis could be associated to 
various minting practices related to specific geographical zones of Greater Poland. 
4. Conclusions 
 
Analysis of nanosamples from the corrosion layers of a group of 20 Polish denarii of 
Boleslaus the Brave and his son Mieszko II during the X–XI centuries the using the 
voltammetry of immobilized particles methodology provided well-defined voltammetric 
responses in contact with aqueous acetate buffer mainly representative of the reduction 
of copper and lead corrosion products. 
 
Experimental data were consistent with the previous hypothesis [5] of the use of two 
different metal sources and suggested the grouping of the studied coins into three sets 
possibly corresponding to three different mints. This hypothesis would be consistent 
with semiempirical analysis of the experimental values of the ratio between the peak 
currents for the reduction of copper and lead corrosion products and would also be 
supported by complementary FIB-FESEM experiments carried out on 19
th
 century 
silver coins from different mints. The above results, exploiting the capabilities of the 
voltammetry of immobilized particles, suggest the possibility of using voltammetric 
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Table 1. Characteristics of the reference alloys. 
 
Reference wt%Ag wt%Cu wt%Pb 
STD1 65 35  
STD2 85 15  
STD3 94 4 2 
STD4 96 4  
STD5 96 3 1 





Table 2. Description of coin samples in this study and composition of major metal 
components determined by XRF [5]. 
 
 
Coin King Period wt%Ag wt%Cu wt%Pb 
      
806 B 995-1005 89 9.2 0.8 
812 B 995-1005 91.2 6.9 0.9 
809 B 995-1005 94.1 4.3 0.6 
      
770 B 1000-1010 94.5 2.5 2 
800 B 1000-1010 94.6 3.5 0.9 
      
779 B after 1010 94.7 3.1 1.2 
782 B after 1010 94.3 4.7 0.5 
783 B after 1010 96.8 2.3 0.5 
788 B after 1010 94.6 3.7 0.7 
791 B after 1010 94.9 4.1 0.5 
793 B after 1010 90.3 7.6 1.1 
795 B after 1010 88.4 10 0.6 
796 B after 1010 94.6 4 0.5 
797 B after 1010 94.1 4.3 0.6 
21282 M 1010-1020 93.9 4.5 0.6 
753 M 1010-1020 93.1 5.3 0.5 
762 M 1010-1020 94.9 3.4 0.6 
764 M 1010-1020 96.1 2.5 0.5 
765 M 1010-1020 93.9 4.6 0.5 








Figure 1. SWVs of samples from coins a,b) 766 and c,d) 783 attached to graphite 
electrodes immersed into 0.25 M sodium acetate buffer, pH 4.75. a,b) voltammograms 
at sample modified electrodes (black lines) and at the bare graphite electrode in the 
same electrolyte (red lines); c,d) voltammetric curves after subtracting the 
corresponding background current. Potential scan initiated at: a) +1.25 V in the negative 
direction and b) 1.05 V in the positive direction. Potential step increment 4 mV; square 
wave amplitude 25 mV; frequency 5 Hz. 
 
Figure 2. Region between +0.40 and 0.10 V of SWVs of: a) reference material 
containing 96%wt Ag plus 4%wt Cu, b-d) samples from coins b) 800; c) 796; d) 762 
attached to graphite electrodes immersed into 0.25 M sodium acetate buffer, pH 4.75. 
Potential scan initiated at: a) +1.25 V in the negative direction and b) 1.05 V in the 
positive direction. Potential step increment 4 mV; square wave amplitude 25 mV; 
frequency 5 Hz. 
 
Figure 3. Region between +0.80 and 0.40 V of SWVs of samples from coins a) 793; 
b) 795; c)782; d) 791; e) 753; f) 788 attached to graphite electrodes immersed into 0.25 
M sodium acetate buffer, pH 4.75. Potential scan initiated at 1.05 V in the positive 
direction. Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 
Hz. Inset: Photograph of coin 762. 
 
Figure 4. Variation of the percentage of a) Cu and b) Pb on the percentage of Ag, 
determined from XRF data, for the studied coins. From data in ref. [5]. 
 
Figure 5. Plots of ip(CCu)/ip(CPb) vs. the percentage of Cu for coin samples in this study. 
Data from VIMP experiments such as in Figure 1a. Squares: Boleslaus 995-1005; solid 
squares: Boleslaus 1000-1010; triangles: Boleslaus after 1010 and solid triangles: 
Mieszko 1010-1020. Lines correspond to theory using Eq. (11) taking g = 0.33 and G = 
6.7, 10.6 and 20.0, respectively. 
 
Figure 6. FIB-FESEM images of trench ca. 10µm length and ca. 15µm depth generated 
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by FIB in the region of interest in the coins a,b) DF01 and c,d) DF02 at two different 
magnifications. 
 
Figure 7. SWVs of samples from coins a,b) DF02 and c,d) DF01 attached to graphite 
electrodes immersed into 0.25 M sodium acetate buffer, pH 4.75. Potential scan 
initiated at: a) +1.25 V in the negative direction and b) 1.05 V in the positive direction. 
Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz. Insets: 
Images of coins DF02 and DF01. 
 
Figure 8. Tentative chronological scheme illustrating the grouping of the studied coins 
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